A liquid culture system, in which mononuclear phagocyte colonies are grown on a glass cover slip, was developed to identify and characterize the promonocyte precursor (1), which was not possible with the techniques then available (2, 3) . The mononuclear phagocyte colonies developing in these cultures are composed of three types of cells, i .e . monoblasts, promonocytes, and macrophages, each having distinct morphological, cytochemical, and functional characteristics (1) . In these colonies the monoblasts and promonocytes are dividing cells, whereas the macrophages do not proliferate .
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THE JOURNAL OF EXPERIMENTAL MEDICINE -VOLUME 142, 1975 atmosphere of the tubes was kept at 37°C with an air-curtain incubator (Sage Instruments, White Plains, N . Y.) guided by a thermistor in another Leighton tube placed parallel to the first with respect to the air-curtain incubator . The room was kept dark during the culture period . All colonies in a strictly defined area of the cover slip were studied; the growth of the colonies during incubation was followed by frequent observations from 24 h onward and at each observation the colonies were photographed with a Polaroid camera (magnification of 250) .
[ 3HIPhymidine Labeling . The techniques for cell labeling with 0.1 gCi/ml [3Hlthymidine (sp act 6.7 Ci/mmole, New England Nuclear, Boston, Mass .) and autoradiography have been described in detail elsewhere (9) . The exposure time was 10-11 days . Cells containing less than three grains over the nucleus were considered negative .
Light Microscopy . After gentle removal from the Leighton tube the cover slips were rapidly air dried, fixed in absolute methanol for 10 min, and stained with Giemsa stain for 15 min.
Colony and Cell Counts . Each group of four or more cells was considered a colony . Counts were done in the Giemsa-stained preparations or in the Polaroid micrographs.
Identiftcation of the Cells . Mononuclear phagocytes grown in in vitro colonies were defined according to the criteria described elsewhere (1) . The following types of cells can be distinguished. MONOBLASTS . Round cells (diameters 10 x 12 Am) with a small rim of strongly basophilic cytoplasm.
PROMONOCYTES . Slightly stretched cells (diameters 13 x 34 Am) with one pseudopod and a basophilic cytoplasm; nuclear-to-cytoplasmic ratio about 1.
MACROPHAGES . Large, elongated cells (diameters 17 x 69 Am) with two or more pseudopods and a grayish-blue cytoplasm ; nuclear-to-cytoplasmic ratio lower than 1 .
Results
Number of MononuclearPhagocyte Colonies . The by counting the number of cells in each colony (done for exp. 2 of Table I ) . Counts were not done in cultures after 120 h of incubation, because after that crowding of the cells in the center of the colonies leads to inaccuracy . The results given in Fig. 1 , where the colonies are arranged according to size in cohorts of 4-10, 11-20, 21-30, etc. cells per colony, show a continuous increase in the number of cells per colony with increasing duration of incubation . The progressive heterogeneity in the size of the various colonies is remarkable; for instance, at 120 h of incubation there are both very large colonies of more than 100 cells and also a considerable number of colonies still having only 4-10 cells . Calculation of the logarithm (log 2N) of the number of cells per colony, which gives the mean number of cell generations produced by the cell initiating that colony, shows, however, that the distribution of the numbers of cell generations, computed from the cell numbers per colony at 120 h of incubation, is normal (X2 = 5.42, d.f. = 8, 0.70 < P < 0.80) (Fig . 2) . Growth Rate of Mononuclear Phagocytes Colonies . To determine the growth rate of mononuclear phagocyte colonies, the regression line was computed for the increase of the geometric mean of the cell numbers per colony during (Fig . 3 a) . The mean colony-doubling time, i.e . the time needed to double the number of cells per colony, is calculated from the slopes of the regression lines and amounts to 19 .5 h (mean of three experiments) . But the mean colony-doubling time only gives a rough approximation of the growth rate of the proliferating cells. In the initial stage of the culture the slope of the regression line is influenced, because the calculated mean number of cells per colony is artificially increased by the absence of groups of cells which have not yet reached the four-cell stage (scoring criterion for a colony). In the later period of incubation an increasing number of mononuclear phagocytes become mature, i.e. macrophages and stop proliferating, which also leads to a decrease of the slope of the regression line.
To reduce these influences, the growth rate was studied during a short period at a later stage of incubation (72-96 h) in the same number of colonies (the five largest colonies per cover slip), all of which are made up almost solely of proliferating cells (8-h labeling index with ['H]thymidine, 86%) . The mean colony-doubling time, calculated from the regression curve (Fig. 3 b) , now amounts to 11 .9 h, which indicates that the cell-cycle time of the proliferating mononuclear phagocytes in these colonies is rather short.
Growth Pattern ofMononuclear Phagocyte Colonies . The growth pattern of the mononuclear phagocyte colonies was studied in more detail by the method of colony mapping, i.e., the development of the individual colony was followed with the inverted phase-contrast microscope at 12-h intervals .
The serial micrographs of a mononuclear phagocyte colony show the cells to be discrete and single-layered during the initial days of the incubation ; in the later stages some crowding is seen in the center (Fig. 4) . The numerical course of this colony shows an initially rapid exponential growth which levels off at 72 h (Fig.  5) .
When the cytological picture and the growth pattern of this colony are compared, it is striking that during the initial phase only round cells are present in the colony and that stretched cells appear when the rapid exponential growth starts to slow down. The round cells were identified in a previous study as monoblasts ; the stretched cells belong to two distinct cell types, promonocytes and macrophages (1) . 29 other colonies studied in this way showed similar growth curves and a similar distribution of the cell types. Fig . 5 shows that the colony growth occurs mainly during the initial growth phase. This is confirmed by mathematical analysis of all ofthe computed growth curves (the slopes of both parts of the growth curve were computed separately fr(.m the cell counts in the micrographs ; if less than 10% of the cells of a colony were stretched the observation was used to calculate the initial part, if 10% or more for the second part), which demonstrates a very high degree of correlation between the number of cells per colony at the end of incubation and the number of cells reached Nvhen the exponential growth begins to slow down (r = 0 .88, P < 0.001) (the latter time point was determined by computing the intersection of the slopes of both parts of the growth curve). The mean colony-doubling time during the exponential growth phase, computed from the initial slopes of the 30 growth curves, amounts to 11 .0 h (95% confidence limits, 10.4-11 .5 h). Since the colony consists only of monoblasts during the initial growth phase and nearly all of these cells proliferate (labeling index after incubation with [3H]thymidine for 8 h, 92-96%), their cell-cycle time must be roughly the same as the calculated colony-doubling time. The small differences between the colony-doubling times of the various colonies do not contribute to differences in colony size at the end of incubation (r = 0.23, P > 0 .1) .
There is considerable variation in the calculated time points of the onset of retardation of the growth (calculated range, 54->96 h), which shows no correlation with the number of cells per colony at the end of incubation (r = 0.04) . It should be noted that at 96 h, 7 of the 30 colonies are still in the stage of rapid proliferation ; for the remainder, the mean time point of the onset of retardation is calculated to be 65 .6 h .
Extrapolation of the initial part of the growth curves to the time axis gives the mean lag time, i .e . the interval between the start of the culture and the time at which the colony-forming cell divides for the first time, which amounts to 23 .2 h (calculated range, -6 .4-54 .2 h) . Statistical analysis of the lag times shows that they are normally distributed . (XI = 1 .01, d.f. = 5, 0.95 < P < 0 .98) (Fig . 6) . The correlation between the lag time and the colony size at the end of incubation is significant (r = -0 .55, P < 0.01), suggesting that the single main factor in the variation of the colony size is the time point at which the colony-forming cell starts to divide .
When the development of individual cells is followed at frequent intervals (every 15 min) with the phase-contrast microscope, the cell-cycle time of individual cells can be measured by recording the time points at which a particular cell originates from a mitosis and subsequently divides again (Fig . 7) . For two monoblasts the measured cell-cycle times amount to 11 .1 and 11 .6 h; and for three promonocytes to 12 .0, 12 .7, and 13 . ing populations, the 45-min incubation was started 22 .5 min after the beginning and terminated 22 .5 min before the end of the 90-min incubation period .
From the labeling indices of the monoblasts and promonocytes the cell-cycle times are calculated according to the equation : t' = (100/Di) x At in which t, is the cell-cycle time, Di the increment of the labeling index during At, and At the difference between the respective incubation times . This equation may only be applied if proliferation occurs in all monoblasts and promonocytes, which may be assumed because 8 h of cell labeling with [ 3H]thymidine gives labeling indices of 92 .1 and 88 .2% for the monoblasts and promonocytes, respectively (1) . The cell-cycle time obtained in this way amounts to 11 .9 h for the monoblast and 11 .4 for the promonocyte (Table II) .
From these labeling indices the DNA-synthesis time can be computed according to the equation: is = (il lAi) x At -t in which is is the DNA-synthesis time, i t the labeling index after incubation during time t, and t the incubation time . The calculated DNA-synthesis times are 5 .7 h for monoblasts and 5 .5 h for promonocytes (Table II) . The results of this study in 96-h cultures are shown in Fig. 8 . After an initial period without labeled cells in mitosis, the labeling index gradually increases until finally all mitotic figures are labeled . The mean mitosis time, calculated from the slopes of the curves obtained in two experiments, is 1 .8 h. The G2 time, i .e. the interval between the end of DNA synthesis and the beginning of mitosis, can be derived from the duration of incubation before the first labeled mitosis occurs and amounts to 0.6 h . The duration of the G1 phase can be estimated by subtraction of the values calculated for the DNA synthesis, G2 phase, and mitosis times from the cell-cycle time, and amounts to approximately 3 .5-3 .8 h. 
Discussion
This study performed with the liquid culture technique concerned the growth characteristics of the mononuclear phagocytes growing in colonies . From the growth curves determined for individual colonies, observed with the inverted phase-contrast microscope, it was computed that after a lag period, which is different for each colony (mean lag time, 23 .2 h), the colony-forming cell starts to divide and all of the cells thus produced proliferate rapidly for a number of generations . In this initial proliferation phase only monoblasts are present in the colony . After a certain time the growth rate of the colony levels off and this retardation invariably coincides with the appearance of promonocytes and macrophages in the colony . These findings lead to the conclusion that in the development of mononuclear phagocyte colonies the monoblast is the precursor of the promonocyte, which confirms the cell sequence previously established on the basis of morphological, cytochemical, and functional criteria (1). The cell-cycle time of the monoblast was determined by three methods. Colony-mapping gave a cell-cycle time of 11 .0 h; the cell-cycle time determined by [3H]thymidine labeling amounted to 11 .9 h; and when individual cells were followed from mitosis to mitosis with the inverted phase-contrast microscope a cell-cycle time of 11 .4 h was found. For the promonocyte, the cell-cycle time determined by the [3H]thymidine labeling method amounted to 11 .4 h and in the individual cell studies to 12 .8 h .
The independently obtained results for the monoblasts and promonocytes show an excellent agreement, and are confirmed by the colony-doubling time (11.9 h) calculated for the largest colonies from cell counts in Giemsa-stained preparations . The cell-cycle time found for the promonocyte differs from that (10), who calculated a DNAsynthesis time of 5.8 h for the whole group of proliferating granulocytes and mononuclear phagocytes in colonies . It seems that the short cell-cycle time of the monoblasts and promonocytes in vitro is determined by the short DNA-synthesis time . For the promonocytes in vivo it has already been demonstrated that reduction or prolongation of the cell-cycle time, e .g. during an inflammatory reaction or after administration of azathioprine (6, 8) , is governed mainly by the duration of DNA synthesis.
The variation in colony size found in the Giemsa-stained preparations and which has also been observed by others (11) (12) (13) , raises the question of whether the cell population from which the colonies arise is heterogeneous . Since mathematical analysis shows that the numbers of cell generations produced by the colony-forming cells are normally distributed, the variation in colony size must be based on a normal biological variability of the colony-forming cells. This is confirmed by analysis of the lag times, the factor mainly responsible for the variation in colony size, which too proved to be normally distributed. All this indicates that the variation in colony size is not likely to be dependent on heterogeneity of the initiating cells, and this is also supported by the fact that the size of the colony can be greatly influenced by changes in the culture conditions, e .g. the amount of colony-stimulating factor added to the culture (references 11, 12, 14-17 and footnote 1).
Insight into the proliferation pattern of mononuclear phagocytes in vitro can be obtained by analysis of the increase of each cell type during incubation (Fig .  9) . The curves show that the monoblast is initially predominant in a colony ; the increase of the promonocytes occurs later, and still later macrophages appear in increasing numbers. From this pattern it may be concluded that promonocytes are derived from monoblasts and that the macrophages originate from promonocytes.
A mathematical analysis of the numerical course of the different cell types, described in detail in the Appendix, shows that some of the dividing monoblasts and promonocytes replicate themselves, and that after division others differentiate into the next cell stage. It is of interest that the proportion of dividing cells that are self-replicating diminishes with the duration of incubation . Initially (day 2), about 75% of the monoblasts are self-replicating and the remainder give rise to promonocytes, whereas on the 4th day of incubation about 90% of the progeny of the dividing monoblasts are promonocytes (Table III, see Appendix) .
For the promonocytes, calculation shows that until the 4th day of incubation about 70% of the cells are self-replicating and about 30% give rise to macrophages and on the 4th day the percentage of self-replicating promonocytes becomes smaller (Table III, in vivo the monoblasts and promonocytes, show a different pattern of division (3, 6) . Since each colony originates from a single cell the number of colonies per culture reflects the number of colony-forming cells present in the initial bone marrow cell suspension . On average, 25 colonies were found per 2.5 x 104 plated nucleated bone marrow cells, which means that a mouse has a total of 2.5 x 105 cells that can initiate a mononuclear phagocyte colony, since the bone marrow of a mouse contains 2.5 x 108 nucleated cells (6, 18) . This computation is, however, only valid if each plated colony-forming cell is stimulated to proliferate in vitro . Since the conditioned medium used is maximally active in respect to colony stimulation, as shown by dose-response experiments,' it is highly probable that each colony-forming cell does in fact proliferate in these cultures .
It is remarkable that the number of cells initiating a mononuclear phagocyte colony (2.5 x 105) is halfthe number ofpromonocytes per mouse (5 x 105) (6) . The implications of this ratio for the in vivo pattern of cell division all depend on the identity of the cell initiating the mononuclear phagocyte colony .
If the colony-forming cell is the monoblast, the ratio of one monoblast to two promonocytes implies that in vivo the monoblast must divide symmetrically, one monoblast giving rise to two promonocytes . This also means that the monoblast must be preceded by at least one other cell type with self-replicating properties.
On the other hand, if the colony-forming cell is the precursor ofthe monoblast, two division models in vivo are conceivable . These precursors could be selfreplicating cells giving, per generation, 2.5 x 105 similar precursor cells and 2 .5 x 105 monoblasts, the latter in their turn dividing symmetrically and producing 5 x 105 promonocytes or the precursor cells could divide symmetrically, giving 5 x 105 monoblasts . In the latter case the monoblast would have to be a selfreplicating cell, since symmetrical division of the monoblast in vivo would give rise to a higher number of promonocytes per mouse than has been determined (6) . Of the various possibilities, the monoblast seems to be the most likely colony-forming cell, since light-and electron-microscopic studies (reference 1 and footnote 2) indicate that the monoblast is the most immature cell of the mononuclear phagocyte colony and replating experiments have shown that monoblasts initiate new mononuclear phagocyte colonies (1) .
It should be mentioned that in the preceding argumentation it is silently assumed that, as found for monoblasts and promonocytes in the colonies, the cycle times of promonocytes and their precursors in vivo are roughly similar . This assumption is probably justified, because in vivo the labeling index of the promonocytes, whose division gives rise to two monocytes, remains fairly constant during the first 24 h after the administration of [3H]thymidine (3) ; this must be due to an influx of cells deriving from a precursor with a similar labeling index.
The proliferation pattern of monoblasts and promonocytes in vitro and in vivo is clearly different . Promonocytes do not renew themselves in vivo but after division give rise to two monocytes (3, 6) , whereas in vitro some ofthem are selfreplicating cells; the monoblasts are mainly self-replicating cells in vitro, although the self-replicating fraction decreases with time, probably due to culture conditions. Since all of the available evidence points to the monoblast as being the cell that initiates the mononuclear phagocyte colony, the most likely pattern for in vivo division of the proliferating mononuclear phagocytes is a selfreplicating precursor cell giving rise to monoblasts, which divide only once into two promonocytes ; these cells in turn divide once and form two nonproliferating monocytes .
Summary
In a previous study also done with a liquid culture technique, the monoblast was identified and characterized as the most immature cell of the mononuclear phagocyte cell line recognized so far. The present study concerned the proliferative behavior of the monoblast and promonocyte in colonies .
The cell-cycle times of both cell types were determined on the basis of four independent methods . The resulting values all show excellent agreement : for the monoblast 11.0-11 .9 h, and for the promonocyte 11 .4-12 .8 h. The DNAsynthesis time found for the two cell types amounted to 5.7 h for the monoblast and 5.5 h for the promonocyte . The duration of the other phases of the cell cycle of the proliferating mononuclear phagocytes proved to be: G2 phase, 0.6 h; mitosis phase, 1 .8 h ; and Gl phase, 3 .5-3.8 h. The individual colonies showed a biphasic pattern of colony growth, an initial phase of rapid proliferation being followed by a stage with a markedly decreased growth rate . In the initial stage only monoblasts are present in the colony ; when the growth rate slows down promonocytes and macrophages appear. These observations support the earlier conclusion that the monoblast is without doubt the precursor of the promonocyte .
Colony size was found to vary widely . The main factor, underlying this variation proved to be the lag time between the start of the culture and the time point at which the colony-forming cells begin to divide . Mathematical analysis showed that the variation in colony size probably does not arise from heterogeneity of the population of colony-forming cells .
A mathematical approach was used to determine the proportion of selfreplicating and differentiating cells among the dividing monoblasts and promonocytes in the colony . The results indicate that initially in vitro the majority of the cells of both types are self-replicating cells, but later an increasing proportion of the dividing cells give rise to another, more mature type of cell.
On the basis of the conclusion that the monoblast initiates the mononuclear phagocyte colony, the number of monoblasts (2 .5 x 10 5) present in vivo was estimated to be half the number of the promonocytes . In view of this ratio the most likely pattern for the proliferation of mononuclear phagocytes in the bone marrow is that a monoblast divides once, giving rise to two promonocytes which in their turn divide once and form two nonproliferating monocytes . Using the values of the total number of mononuclear phagocytes on four cover slips after various periods of incubation (data taken from Fig . 1 ; since the total number of mononuclear phagocytes cannot be determined accurately at 24 h, this value was calculated by extrapolation) and the percentage of monoblasts, promonocytes, and macrophages (taken from Table III of reference 1) the total number of each type of cell has been calculated . The results are presented in Fig . 9 .
If all proliferating monoblasts were self-replicating cells the doubling time of the population of monoblasts td would be : in which tB is the cell-cycle time of the monoblast, (see Table II ) and 1 the mean labeling index of the monoblasts (taken from Table VII of reference 1) . The rate constant of monoblast doubling (kd) would then be : kd = In 2/td which gives 0 .0564 h-' .
However, the number of monoblasts do not increase exponentially as can be seen from the semilogarithmic plot. Mathematically, the number of monoblasts at time t can be described by applying the equation :
In NB = In NBa + kB-(t -24) -1 /za'(t -24) 2, in which N" is the number of monoblasts at time t, kB the initial rate of monoblast TABLE 
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Percentage of Dividing Cells Giving Rise to a Differing Cell Type formation, and a a constant which governs the decline in the rate of monoblast formation . Using the numbers of monoblasts in Fig . 9 , calculation of the values of a and kB gives : a = 7,644 x 10-4 h -2 and kB = 0 .060 h -', which is close to the value of kd . The monoblast curve calculated with these values using the least squares method, agrees excellently with the observations and has a mean standard coefficient of 0 .4% .
The rate at which monoblasts are formed at each time point is then dNBldt = R I P -a-(t + 24)]-NB .
The difference between this real rate of monoblast formation during exponential growth and the rate constant of monoblast doubling (k B ) represents the rate of promonocyte formation at each time point which is determined by applying the equation :
dNB-'pldt = [k d -ks + a-(t -24)]-NB, in which NB-P is the number of promonocytes formed from monoblasts at time t .
The percentage of monoblasts giving rise to promonocytes (pB -P) at each time point can be calculated with the equation : pB-Pk d -kB +a(t-24) x 100 .
kd
The results of this calculation are given in Table III . The rate of production of macrophages can be regarded as a function of the number of promonocytes : dNMldt = q -NF, in which Ntt " is the number of macrophages at time t and N°the number of promonocytes at time t . Integration of this equation gives :
During the interval between t;_, and t ;, q is considered to be constant . Since NF increases more or less exponentially, the best approximation of Nf -dt is given by the area under the exponential growth curve of Nff . A value of q can then be calculated for each time interval .
The rate of change in the number of promonocytes can now be expressed as follows : in which r Np represents the rate at which promonocytes form new promonocytes . dN"ldt can then be estimated graphically by measuring the slope of the tangent of the promonocyte growth curve at time t, so that r can be calculated . For each time interval the percentage of dividing promonocytes giving rise to macrophages will then be :
[ql(q + r)] x 100 .
